Mechanical engineering students at Lawrence Technological University complete a five-credit hour capstone project: either an SAE collegiate design series (CDS) vehicle or an industrysponsored project (ISP). Students who select the SAE CDS option enroll in a three semester, three course sequence. Each team of seniors designs, builds, and competes with their vehicle at one of the SAE CDS events. Despite some strong finishes in the past, overall competition performance has recently declined and student exit interviews indicated dissatisfaction with the course sequence. This work examines a complete course sequence overhaul focused on improving student design, collaboration, and communication skills; integration of the SAE CDS events into the curriculum; and faculty advisor involvement in the classroom. Initial assessment of the proposed course modifications is performed using faculty advisor observation, student surveys, and direct assessment of student work.
Introduction
Senior students enrolled in the B.S. Mechanical Engineering program at Lawrence Technological University (Lawrence Tech) complete a capstone project prior to graduation. These capstone projects serve as a summative assessment, bringing together machine design, thermo-fluids, manufacturing, and mechatronics topics into a real-world design experience. Relative coverage of these topics depends strongly on the particular design project selected.
Currently, the Mechanical Engineering department offers two tracks for capstone projects: competition projects from the SAE Collegiate Design Series (CDS) and industry-sponsored projects (ISPs). ISPs represent time-sensitive real-world problems brought to the department by industry partners. Students complete five (5) credit hours over two semesters and, depending upon the alignment of their individual progress and the arrival of new projects, may be involved with a single project or parts of two different projects. For a two-semester project, the first semester includes research into the problem, design of a solution, validation of the design using appropriate software tools or calculations, and a report to the industry partner detailing the proposed design. The second semester includes fabrication of a working prototype validation of the prototype, and a presentation of the final design and prototype to the industry sponsor. Each student submits monthly progress reports and the team is responsible for a comprehensive report each semester as well as a poster and oral presentation to ME faculty and the departmental Industry Advisory Board (IAB). Examples of past ISP projects include a fluid-powered gantry crane 1 and a decoupler for driveline dynamics 2 .
Competition projects include Baja SAE, Formula SAE, Formula Hybrid, SAE Aero Design, and SAE Supermileage. The Mechanical Engineering Department at Lawrence Tech has found that the SAE CDS is an excellent program for senior projects. Students who select the SAE CDS option enroll in a three course sequence. Each team of seniors designs, builds, and competes with their vehicle at one of the SAE CDS events. While some specific aspects of the rules may change for each competition year, the overall objectives and outcomes of these competitions change little from year to year, resulting in the capstone design projects being more structured than ISPs. Though each team is required to build a new vehicle, previous student team vehicles are available for students to reference which transforms the project from an entirely new design into a process of continual improvement. Timelines are based on SAE deliverables and competition dates which prevents extensions or spillover from semester to semester.
Traditional engineering curricula face the challenge of finding a way for the students to integrate the theory they learn in the classroom to real life, let alone the integration of the different disciplines of engineering. In competition projects, such as the SAE CDS, students must conceive, design, build, test, develop and compete a race car. This provides the student with a real-life work environment and highlights the need for integration of previous theoretical knowledge. Besides the technical aspects, the group of students must secure funds by contacting sponsors and negotiating with them. The projects provide a good motivation for the students and an excellent tool for assuring knowledge integration, team work, management experience, and self-confident students, plus a way to obtain funds for investment into quality teaching 3 . Intercollegiate design projects are a great means to engage students in engineering design projects beyond the curriculum, where they put their coursework into practice. Design competitions give the students hands-on experience as well as build student enthusiasm. The experience of designing, building and testing a vehicle gives the students a real world engineering experience 4 .
Capstone projects, although they are different than the competition projects as far as the competition element is concerned, still provide engineering students the opportunity to solve realworld, open ended engineering projects, and have been highly regarded as important learning activities. A significant number of institutions are recognizing the advantages of involving industrial sponsored projects into their curricula. Industry can support engineering education by helping to find educationally viable projects and provide funding to offset additional resources needed for this type of educational experience. According to a survey performed by Todd et. al., the departments believe their capstone course was very beneficial to their students, with a rating of 8.6 on a 10 point scale 5 .
In recent years, competition performance by Lawrence Tech SAE CDS teams has been sporadic. For example, the Lawrence Tech Formula Hybrid team placed 2 nd in 2013 and 2014 but did not pass technical inspection in 2015. Despite some strong finishes in the past, overall competition performance has recently declined and student exit interviews indicated dissatisfaction with the course sequence. Some universities have come to the conclusion that use of SAE projects as class credit inhibits performance at competition 6 . In addition, student and faculty identified curricular weaknesses including misalignment of course objectives and grading system and poor time management.
In this work, the three semester capstone design sequence at Lawrence Tech is examined, including course modifications that were made to address identified weaknesses. These modifications include a revised syllabus to better utilize in-class time, use of team-teaching to include faculty advisors in the classroom, revised deliverables based on student work rather than presentation, and milestone-based scoring for the students' project execution portion of grading system. A longitudinal study of student work, scored with a common rubric, is undertaken and in-progress student work samples are used to validate continued implementation of the proposed modifications.
The organization of this paper is as follows. First, the state of SAE competition-based capstone design projects at Lawrence Tech is reviewed. Next, weaknesses in the existing curriculum are identified. Solutions to the identified weaknesses are proposed. Finally, in-progress student work samples are reviewed to validate the proposed solutions and the work is concluded.
SAE Competition Projects at Lawrence Technological University Prior to 2015-2016
The Mechanical Engineering department at Lawrence Tech has employed a three semester sequence for capstone design for several years. The course content was unchanged between Fall 2011 and Spring 2015. A three semester capstone sequence was chosen because Lawrence Tech College of Engineering places a high importance on the capstone design experience based on faculty and industry advisory board input. A Spring semester project introduction class gives the students all of the needed project management tools to use and prepare over the summer for a rapid startup and action-oriented subsequent Fall and Spring semester project. This is especially critical for competition team senior project activities.
The sequence consists of three separate courses across three semesters: Introduction to Engineering Projects, Engineering Projects 1, and Engineering Projects 2. Introduction to Engineering Projects was intended to introduce students to the CDS projects while teaching matching engineering specifications to customer requirements, prototyping, product testing & evaluation, and project management. Engineering Projects 1 was intended to cover the vehicle design while teaching quality function deployment, failure modes and effects analysis, sustainability, and budgeting. Engineering Projects 2 was intended to cover vehicle fabrication and testing. Excluding summer semesters, Introduction to Engineering Projects and Engineering Projects 2 were offered in the Spring while Engineering Projects 1 was offered in the Fall, as shown in Table 1 . The schedule aligns well with CDS timeline because the students need to get vehicles ready for the competitions which usually happen in late Spring or early Summer. Table 2 . Each faculty advisor received teaching release time equivalent to half of a three-credit class per semester. The course instructor received fivecredits of teaching load per year. Course content for the three course sequence was assumed to be taught as-needed in team meetings and during team work sessions by the faculty advisor. Therefore, scheduled classroom time for the courses was used only when needed for class-wide administrative tasks. Table 3 lists the course classroom sessions. During unused classroom times, the class did not meet, but students were expected to meet with their faculty advisors and work on their projects/vehicles. Student grades for the three course sequence were determined by individual progress reports and log books, team reports and presentations, peer evaluations, lab cleanliness, ABET-related assignments, and "participation and execution". These factors are shown in Figure 1 , Figure 2 , and Figure 3 . Rubrics were used for scoring progress reports, log books, team reports, and team presentations. However, each faculty advisor used his/her judgement in assigning points for "participation and execution". 
Observed Weaknesses in Curriculum
Through competition performance and interviews with students, several weaknesses with the course sequence were identified. First, competition performance for Lawrence Tech teams has been poor, with the exception of SAE Aero Design 2009-2012 and Formula Hybrid 2013-2014. These results are tabulated in Table 4 . In several cases, such as Formula SAE 2015 and Formula Hybrid 2015, teams travelled to competition but were unable to pass technical inspection. SAE Aero Design results are based on advisor memory, as the competition does not release full results. The grading system for the three courses assigned a large proportion of available points to progress reports (20%) and deliverables associated with program accreditation (10%). Further, common departmental rubrics assigned only 60% of report and presentation credit to technical dimensions. This led students to feel that grades did not reflect their progress on the project. Submission of all assignments was often sufficient for students to receive a passing grade, regardless of the actual design or fabrication work completed. At times, this led to poor team dynamics as students who focused their time on actual vehicle design suffered lower scores on deliverables (written reports, seminar essay, etc.) and earned lower overall grades.
Finally, students were given complete autonomy on development of the project timeline which resulted in vehicles being completed only days before competition, if at all. This tied back to the exhibited poor competition placement.
Proposed Changes to Three Semester Sequence
Based on the identified curricular weaknesses, several modifications were made to the structure of the three semester capstone design sequence. These were:  Requirements for competition attendance  Revised syllabus to include scheduled classroom activities  Team-teaching to include faculty advisors in the classroom  Formalized process of assigning students to project teams  Inclusion of a short design project in Introduction to Engineering Projects  Replacement of individual progress reports with team technical reports  Replacement of "participation and execution" with milestone-based scoring
The Lawrence Tech College of Engineering administration made the decision that, in the future, vehicles which were not operational, pre-tested, and could not pass an internal technical inspection prior to competition were not to be sent to their respective competitions. This requirement provided a clear guideline for students and established competition travel as a reward instead of an expectation.
The largest changes made were philosophical shifts. As explained above, previous efforts assumed that all project instruction was done informally by advisors and that classroom sessions were for administrative usage. Starting in Fall 2015, the department approved a plan to use classroom sessions for a mix of instruction, project work, and reporting of results by all teams. To further connect the classroom sessions with the projects, all faculty advisors agreed to participate in classroom sessions. Practically, this has implications for teaching load and may not be feasible for all readers. At Lawrence Tech, the effort was supported by the Dean of Engineering and the Provost.
With the decision made to use all classroom sessions for activities, the question was what to include. Starting in Fall 2015, a one-off implementation was tested in Engineering Projects 1. Topics were selected based on faculty advisor experience of past student struggles. Course content from Fall 2015 is shown in Table 5 . Table 6 . With student design completed in Engineering Projects 1, it was decided to use Engineering Projects 2 primarily for sharing progress between teams and lab work time, as shown in Table 7 .
The most important classroom session of Engineering Projects 2 was session 13. The Blue Devil Motorsports Unveiling is an annual event at Lawrence Tech wherein the SAE CDS teams show their completed vehicles in an event open to the university and sponsors. In years past, vehicles were often unfinished and untested at the Unveiling. To address the College of Engineering administration requirement that only competition-ready vehicles travel to competition, the Unveiling date was selected as the deadline for vehicles to be demonstrated to be competitionready. Engineering Projects 2 session 13 marks the decision point for teams to be allowed to attend competition.
The new project teams (2016-2017) were formed in Introduction to Engineering Projects (Spring 2016). In the first classroom session, students were introduced to the SAE teams through short presentations by each team. Where possible, captains of each SAE team presented their project. Where students were not available, the SAE team was presented by a faculty advisor. In the second classroom session, students were taken on a tour of the SAE team workspaces and given time to interact with current SAE team members. Each student was asked to complete a form stating preferred SAE projects. This process was formalized to reduce switching of students between projects. While not a large problem in the past, students switching project teams after 1 or 2 semesters caused disruption and shifted student workloads. The student preference form used is included in the Appendix A. Student teams were assigned, following preferences as much as possible, during session 4. . The designette was introduced in session 5. For the Baja SAE, Formula Hybrid, Formula SAE, and SAE Supermileage teams, the designette was to design, fabricate, and validate a device to aid transportation of the vehicle while at competition. For the SAE Aero Design team, the designette was to design, fabricate, and validate a device to aid construction testing of vehicle components. The selection of designette focus was made to force interaction between juniors in Introduction to Engineering Projects and seniors in Engineering Projects 2. In particular, seniors act as the customer for juniors. This modification alone warrants additional future study.
In assessment of student work during Engineering Projects 1 and 2, individual progress reports were replaced by team technical reports. Progress reports were typically one to two pages in length and itemized what individual students worked on for the time period, design accomplishments, progress, upcoming tasks, budget and timeline changes, and hours worked. A departmental rubric was used to assess the progress report. Many students felt that the progress reports were extra busywork and did not document their actual design or fabrication work. An example of a progress report template was shown in Appendix B. By contrast, technical reports required students to demonstrate the technical details of design and project management. For example, Engineering Projects 1 technical report 2 (template shown in Appendix C) covered design assessment and required teams to detail their vehicle component research, safety research, plan for component reuse, purchase, redesign, or new design, and project management updates. Even though it seemed more work compared to the previous progress reports, the students were gradually building their SAE design reports along the way. In previous years, students would rush to finish these before the competition deadlines.
Finally, for Engineering Projects 1 and 2, the "participation and execution" portion of the grading system was replaced by milestone-based scoring. Milestones were necessarily team-specific.
Likewise, the requirements for each milestone were left to the advisor. Some teams used mostly deliverable-based milestones while other teams leaned more to action-oriented milestones. Even with disparities between teams, these milestones were far less subjective than previous semesters.
As an example, the Baja SAE team was provided by the faculty advisor with a set of milestones similar to that shown in Figure 4 . All milestones were equally weighted, divided into categories, and assigned a rough deadline (e.g. late September) based on previous teams. Students worked from their schedules to set dates for each milestone as well as reorder and modify milestones as desired. Students were responsible for tracking the awarded points. The resulting Engineering Projects 1 milestones with student-selected deadlines are shown in Figure 5 . Anecdotally, this process of selecting deadlines and tracking progress changed the milestones from an advisordictated schedule into a student-driven timeline. While the final design milestones were missed, work to that point was significantly better in timeliness and quality than recent teams, in the opinion of the faculty advisor.
Assessment of Course Modifications
Assessment of the effectiveness of the implemented course modifications comes in three forms: anecdotal observations by faculty advisors and students, indirect assessment of students using surveys at the completion of each semester, and direct assessment of student work samples by faculty advisors.
First, faculty advisors observed substantial improvement in student teams in the areas of project management, design quality and timing, and class camaraderie. Each team was responsible for an organization chart, often based on vehicle subsystems, as shown in Figure 6 . Because they were developed by the students as a requirement of the course, these organization charts served as an official document and were frequently referenced to identify responsibility for tasks. Some student teams used their provided milestones to develop effective Gantt charts, such as the one shown in Table 8 . Anecdotally, past student design projects without guidance for effective time management might create a Gantt chart after the fact, rather than as a project management tool. Use of a three semester design sequence allowed these project management aspects to be introduced during Introduction to Engineering Projects, in the context of the designette, then applied to the SAE CDS project during the Summer.
Second, faculty advisors observed that students completed design and fabrication tasks more quickly than in previous years. . This improvement appeared to be due to two changes: the guided development of a realistic, student-owned timeline and the direct connection between step-by-step progress and student grades. Finally, faculty advisors observed that routine sharing of organization, design, and fabrication progress between teams enabled cross-pollination and improved camaraderie among students. As an example, student teams shared their methods for tracking a complete bill of materials. Each student team had a different design, with different dimensions, and different levels of detail. Each team was able to adopt useful improvements that they saw from other teams. During Spring 2016, the Formula SAE team was the first team to demonstrate a rolling chassis. This announcement prompted both spontaneous applause and the SAE Aero Design team's overnight completion of an airplane skeleton.
Initial indirect assessment of student learning was conducted by surveys at the conclusion of the Spring 2016 semester. Further assessment will be completed at the conclusion of each of the three semesters during the design sequence. During the first round of data collection, students were surveyed at the conclusion of the Spring 2016 semester. Survey results are shown in Table 9 . Two groups of students were included: those completing Introduction to Engineering Projects and those completing Engineering Projects 2. Response rate for Introduction to Engineering Projects was 100% (44/44) because the surveys were submitted during class. Response rate for Engineering Projects 2 was significantly lower at 82% (28/34) due to the Formula Hybrid team traveling during the survey period. Several Formula Hybrid members submitted surveys, but the team is underrepresented in the presented results for Engineering Projects 2. From the survey results in Table 9 , Introduction to Engineering Projects students agreed that the project improved their project management skills (average feedback of 4.02 to questions 7) while Engineering Projects 2 students agreed that the project improved their project organization (average feedback of 4.25 to question 5) and project management skills (average feedback of 4.21 to questions 7).
While students in both courses saw improvement in their design, analysis, and fabrication skills for mechanical components (questions 8, 9, and 10), results were mixed on design, analysis, and fabrication skills for thermo-fluid systems (questions 11, 12, and 13). This was expected due to the choice of task for the designette and the SAE CDS events. While the SAE CDS events feature thermo-fluid components (e.g. SAE Aero Design wing, Formula SAE intake), many students were focused on other aspects (e.g. Baja SAE suspension, Formula Hybrid chassis).
The free response section of the survey asked students: 1. What did you like (or appreciate) about the project?
2. What should be changed? 3. Additional comments/observations Students enrolled in Introduction to Engineering Projects generally appreciated the project but disliked the additional deliverables, such as CAD training using Siemens NX software:
 "Gets you to work on a physical project for the 2016 team."  "It was very open ended and allowed us to think creatively."  "I liked how our project had real values to real 'customers'. This made me take my work more seriously than some theoretical projects given in other courses."  "The project required a bit of critical thinking but was very rewarding in the end."  "NX training unrealistic with making time to work on 2016 team…"  "Too much things to be done and not enough time to really take in and learn what you are doing."  "For a one-credit course, the workload for this course … was absolutely ludicrous."  "No more NX training."  "The NX training is beneficial to learn and prepare yourselves for design work, but it is unreasonable. It was impossible to complete on time with everything that is going on."  "A meaningful learning experience and gain a lot." Students enrolled in Engineering Projects 2 similarly appreciated the project but did not enjoy deliverables or the frantic pace at the end of the semester.
 "I liked the openness of the project."  "I liked working with other students to design, build, and test a Formula SAE vehicle."  "Project [taught] me how to communicate with other team members."  "All these final reports and presentations are a waste of time; we gots a car to build."  "Logbooks are archaic and unnecessary."  "I haven't slept in days."
Direct assessment of student work takes three forms: assessment of student design reports using a rubric, assessment of student design presentations using a rubric, and assessment of the resulting vehicles for competition attendance. First, student design reports were assessed using a department rubric. Reports were evaluated on a team basis by the corresponding faculty advisor and rubrics are shown in Appendix E. Results of the assessment are shown in Table 10 . At this time, Spring 2016 reports have not yet been evaluated. It was expected that students would show an increase in both written report and oral presentation scores across the duration of the three semester course sequence. However, this trend was not seen in the data. As the initial assessment data represents both semesters before the current redesign (2014 -2015) and after the current redesign (2015 -2016), changes in course content and expectations may play a role in the data.
The final form of direct assessment reflected the College of Engineering requirements that vehicles be operational, pre-tested, and capable of passing technical inspection prior to competition in order to be allowed to compete. Following the Blue Devil Motorsports Unveiling event, teams were judged by the faculty advisors on the basis of meeting these requirements. A formal rubric was not used, instead all requirements were required to be met in order to be cleared for competition. Results, as presented to the students, are shown in Table 12 . Two teams were granted conditional approval for competition travel: Baja SAE and Formula Hybrid. The Baja SAE team was registered for competition in June. At the time of the go/no-go decision, the Baja SAE team had almost two months to prepare and was missing only gears for the gearbox in order to demonstrate operation. The team successfully drove their vehicle during a "test and tune" event two weeks later. The Formula Hybrid team successfully drove their vehicle using the IC engine but could not test the hybrid mode due to an error in battery management software donated by a sponsor. This issue was resolved prior to competition. In terms of the final direct assessment, all teams received passing marks.
